Electron energy-loss near-edge fine structure (ELNES) of group-III nitrides is calculated using a pseudopotential plan wave method within the framework of density functional theory. Core-hole effect and supercell size influence are investigated. Based on our present and earlier work, a comprehensive understanding of theoretical ELNES application in materials research is demonstrated:
Introduction
The electron energy-loss spectrometer (EELS) attached with (scanning) transmission electron microscope [(S)TEM] has been used extensively in the study of nanoscale materials to obtain information about the local composition, structure and electronic structure. The electron energy-loss near-edge spectrum (ELNES) reflects the information on the unoccupied electronic states by exciting one electron from core level into unoccupied states.
In addition to its importance in physics, explanation and simulation for excited spectra has been an impetus for modern physics. Theoretical calculation for ELNES is capable of aiding the application of EELS techniques in material science. Ab initio single-particle electronic structure calculation has been used to simulate ELNES fine structure for a large number of compounds, and good agreement has been found in many cases when core-hole effects are properly taken into account [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
In the present article, theoretical investigations for K-edges of four group-III nitrides have been carried out employing the pseudopotential planewave method. Based on these results and our earlier work, the core-hole influence and supercell size effects in the ELNES simulation have been studied. The application of theoretical ELNES in material science are then discussed in the following three categories.
Methods
The calculations were based on a pseudopotential plane wave method within the framework of density functional theory [11, 12] . The Vanderbilt ultra-soft pseudopotentials [13] were employed, using the gradient-corrected functional (PW91) exchange-correlation approximation [14] . The Monkhorst-Pack scheme [15] was applied to the k-point sampling of the first Brillouin zone. The planewave cutenergy was chosen to be $400 eV. The interaction between the core hole and the excited electron was treated by the single-particle electronic structure method. To model the excited atom in which the deep-hole is localized, the pseudopotential for the excited atom must be specially constructed; 1s   1   2s   2   2p  2 and 1s  1 2s  2 2p  4 atomic configurations were used as reference configurations for boron and nitrogen, respectively. A supercell approximation was applied in the calculation including the core-hole effect to minimize the interaction of the neighboring excitation centers. The core-excited spectra are normally considered to be proportional to the site-and angular-momentum-projected density-of-states (DOS) of the final states of the excited electron [1] [2] [3] . In the present work, the p-symmetry DOS localized at the excited atom was calculated to simulate the K-edges.
Results

Core-hole effects
In electron energy-loss processes, what the electron detects is the system that has been perturbed by the electron probe, with the inner-shell electron removed, i.e. with a core hole present. If a certain core-level spectrum was not heavily influenced by core-hole effects, we can obtain information on ground-state electronic structure. Traditional ground-state calculation could predict and interpret major features of experimental spectra fairly well. Otherwise, inclusion of the core-hole influence is essential in theoretical simulations, and experimental ELNES reflects the core-hole influence in excited processes in addition to the ground-state electronic structure.
The comparison of the theoretical spectra using the ground state information only [spectra (b)] and including the corehole effects [spectra (a)] for the boron and nitrogen K-edges in wurtzite boron nitride (w-BN) are shown in Fig. 1 . The nitrogen K-edges in wurtzite aluminium nitride (w-AlN), wurtzite gallium nitride (w-GaN) and wurtzite indium nitride (w-InN) with and without core-hole effects are shown in Fig. 2 . The main parameters in the supercell calculation are summarized in Table 1 . The calculated spectra have been convolved with a Lorentz function of a fixed width of 1.0 eV without attempting, especially, to model the precise form of the energy broadening in the experimental spectra, which include both instrumental broadening and lifetime broadening effect and are energy dependent. All spectra were plotted with an energy scale relative to the Fermi level set to zero.
It is clear that the presence of the core hole induces a general transfer of spectra weight from the high-loss region to the absorption threshold (see Figs the strength of core-hole effects is different case by case. The inclusion of the core hole generates a sharp peak near the threshold for boron K-edge in w-BN, whereas, it is found that the core-hole influence for the nitrogen K-edge spectra is not significant. The screening of electron cloud to the core hole is one of key factors determining the core-hole strength. Pantelides indicated that valence electrons play a key role in the core-excited process by analyzing the core-hole influence in alkali halides, which are typical ionic crystals, based on ground-state band-structure calculation and experimental X-ray absorption spectra (XAS) [16] . For boron nitride, which is a covalent bonding crystal ( Fig. 1) , the different core-hole strength in boron and nitrogen Kedges can be attributed to the influence of the valence electron screening. The screening effect of the inner-shell electron (one 1s electron) is similar for the K-edge of boron and nitrogen which was formed by the excitation of 1s electron to unoccupied final states. The screening effect of 2p electrons in nitrogen is more significant than in boron. Furthermore, more bonding electrons are populated in nitrogen atomic sphere than in boron atomic sphere in the covalent boron nitride crystal. The screening effect of valence electrons for nitrogen is higher than that for boron. This is responsible for the different response behavior to the present core hole. Because the influence of the induced core hole is weak for nitrogen K-edge in group-III nitrides, a standard groundstate calculation may be used to obtain an approximate spectrum [17] . In other words, information about ground electronic states may be extracted from the measured experimental spectra. However, one should be careful when trying to get information on electronic states near the Fermi level from ELNES, because the induced core hole in the excitation process can strengthen the intensity of the peaks near the absorption threshold.
Supercell convergence
Supercell size is a critical parameter in the single-particle core-hole calculation of ELNES [8] [9] [10] . A proper supercell should be small enough to make computation effort feasible and yet be large enough to stop the interaction between the nearest excited centers introduced by periodic boundary conditions. Keast et al. [18] found that there was a small discrepancy between the theoretical spectrum [ Fig. 3(a) ] and experimental spectrum [ Fig. 3(e) ] of nitrogen K-edge in GaN with p z final states. The lower energy peaks have lower intensity in the calculated results. These authors concluded that the discrepancy could have its origin in two possible causes: scaling effects in experiments and the Slater transition state employed in the calculation [18] . We have carried out calculations, as shown in Fig. 3(b)-(d) , to interpret the experimental spectra and explain the discrepancy observed.
Our spectrum in Fig. 3(b) , which was calculated using a 2 Â 2 Â 1 supercell size and transition state approach, is very similar to reported theoretical results [18] . Our theoretical spectrum [ Fig. 3(d) ] employing a 2 Â 2 Â 2 supercell reproduced the down-hill trends of the first three peaks (I a > I b > I g ) and agrees well with the experimental one. When we use a smaller 2 Â 2 Â 1 supercell size for GaN [ Fig. 3(c) ], the result is different indicating that the mutual interaction between nearest excited centers is not . ............................................................................................................................................... sufficiently suppressed. A sufficiently large supercell is essential to obtain a reliable theoretical spectrum.
Applications
In this section, the applications of theoretical ELNES in materials research are discussed.
Interpreting experimental EELS spectra
Theoretical results can assist in the interpretation of experimental spectra. Electronic states in materials include eigenvalues E n,k (band structure, density of states, etc.) and eigenstate C n,k (wave function, electron density, etc.). Local unoccupied projected DOS probed by ELNES includes partial information about both eigenvalues and eigenstates. With assignments provided by theoretical work, more comprehensive understanding of electronic states of studied materials can be obtained from fine structure in experimental spectra. The theoretical interpretation is becoming more important since more detail of fine structure can be resolved with the high-energy-resolution spectrometer developed in recent years [19] . To interpret some major characteristic spectra features, qualitative analysis from simple physical models may be useful, such as for p* and s* peaks in graphite [20] . Systematic theoretical simulations are essential to provide clear assignments for experimental results in most cases. For example, we have interpreted nitrogen K-edge in GaN by identifying excitations from the nitrogen 1s orbital into unoccupied bonding orbitals associated with the excited nitrogen atom employing a multiplescattering self-consistent-field method [21] . Because of the flexibility of theoretical simulations, some parameters employed in the calculation can be changed to study their influence on the spectra. Examples include removing/replacing some atoms to study the characteristic features of vacancy/impurity in experimental spectra and comparing the results with and without core hole to isolate the features caused by core hole in the excited process from features connected with the ground electronic state. We have studied the unoccupied electronic states of CaB 6 by investigating the boron 1s core-level spectroscopy [3] . Correlation with the results of a ground state energy-band calculation allows interpretation of the spectral features in terms of the DOS of the unoccupied conduction band, in particular, the identification of a feature associated with hybridization of Ca d-orbitals with B p-orbitals.
Predicting theoretical reference and identifying ELNES-structure correlation ELNES is related to the local chemical environment of the excited atom and is often called 'fingerprint' to indicate chemical and bonding information of materials. From the comparison between acquired spectra and available reference spectra, one can deduce the chemical bonding information of the specimen. For example, fine structure in carbon K-edge can be used to identify the sp 2 or sp 3 bonding nature in carbon materials by comparison with available reference experimental spectra. However, standard experimental reference is not always available; for example, lonsdaleite (hexagonal diamond), another form of sp 3 bonding carbon, is less well known compared with diamond, so there are no experimental spectra that can be taken as a reliable reference. In other cases, there is no existing reference spectrum for a first synthesized material, which did not exist (or was unknown) before. For these situations, theoretical simulation can predict the main features of ELNES and provides a theoretical reference for experimental characterization. For example, it has not been clear whether or not the fine structure difference is always significant enough to distinguish subtle structural differences between different polymorphs of sp 3 bonded carbon or boron nitride. The structural difference is obvious only at the third nearest-neighbor distance from the exciting atoms in different polymorphs.
We have simulated carbon, boron and nitrogen K-edges in carbon and boron nitride polymorphs [22] . Evaluating the reliability of experimental spectra
The theoretical spectrum can support or verify experimental results. Theoretical and experimental methods complement each other in research work. If the theoretical and experimental results coincide well, they can validate each other. Otherwise, further analysis should be taken out. A routine diagnostic can often give a hint of the origin of discrepancy. Approximations in physical models cannot reflect the practical experimental phenomena well, or experimental conditions are not well controlled for the complexity of the experimental process. Using our theoretical references, the available experimental result for lonsdaleite was judged [22] . Schimid [23] presented the only known record of the carbon 1s core-loss spectrum from a synthetic lonsdaleite sample using EELS. It shows a close resemblance to that of diamond. However, its reliability is untested because of the lack of concurrent electron diffraction data. From our analysis based on theoretical results, the inconsistency between this reported carbon K-edge for lonsdaleite contains a major contribution from the coexisting diamond phase. It shows that spectroscopic evidence for lonsdaleite is lacking.
In anisotropic wurtzite structures, the experimental K-edge spectra are normally composed of a mixture of p xy and p z components with a varying ratio determined by the experimental condition [24] . We have also applied this fingerprinting approach in anisotropic spectra of group-III nitrides, e.g. to identify the possible oxidation influence to the reported E//c XAS spectra in AlN [25] . The comparison of our theoretical spectra in GaN with the XAS [26] and EELS [18] spectra is shown in Fig. 4 . Our theoretical spectra agree well with both the reconstructed q?c and q//c EELS spectra of GaN, whereas a glaring difference is observed in the E//c XAS spectra. The relative intensity of the first three peaks in XAS spectrum with p z symmetry final states has a reverse trend (I a < I b < I g ) compared with the EELS and our theoretical spectrum. We believe that the XAS data in glancing angle (E//c), being more sensitive, may be sampling a microstructure different from that probed by XAS done at normal incidence (E?c). It is worth noting that the anisotropic spectra of GaN distorted by surface conditions, as shown in Fig. 4 , are quite common. Similar situations can be found in other reported experimental results using X-ray absorption or reflection techniques [27, 28] . The surface quality of thin films should be considered more seriously in future experiments.
Concluding remarks
Core-hole effects and supercell size convergence for K-edges in group-III nitrides were investigated employing a singleparticle electronic structure approach with the inclusion of the core hole. Applications of ELNES simulations were summarized based on our present and earlier work. They have been used to connect fine structures in the experimental spectra of CaB 6 and GaN with electronic structure, to predict theoretical reference for lonsdaleite and anisotropic spectra of group-III nitrides, and to identify the influence of surface microstructure to reported p z symmetry XAS spectra of AlN and GaN. Fig. 4 The comparison of our simulated spectra for nitrogen K-edge in GaN with spectra measured using XAS from ref. [26] and EELS from ref. [18] . (a) The spectra corresponding to p xy final states and (b) for the p z final states are shown.
